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Splanchnic nerve stimulation leads to increases in the discharge activity of neurons in the rostral ventrolateral medulla (rVLM), among many other brain stem nuclei (13, 14, 35) . Thus, the rVLM and likely other medullary nuclei process cardiovascular sympathoexcitatory reflex responses during mechanical stimulation of the stomach wall.
In addition to the well-studied sympathoexcitatory responses, gastric distention has less commonly been found to be capable of reflexly decreasing blood pressure (21, 21, 27) . The reason for these dichotomous reflex responses to gastric stretch is uncertain. However, we (8) also have recently observed in a preliminary study that gastric distention can induce inhibitory cardiovascular responses consisting of decreases in blood pressure and heart rate. Careful examination of our data showed that repeatable decreases in blood pressure and heart rate in response to gastric distension in ketamine-xylazine-anesthetized rats were associated with hypercapnia and acidosis.
A rise in CO 2 and the associated increased concentration of protons stimulates both central and peripheral chemoreceptors (9) . Although the stimulation of peripheral and central chemoreceptors increases the respiratory rate and causes a reflex cardiovascular pressor response in freely breathing humans (3, 31) , activation of the central chemoreceptors during controlled ventilation prevents the secondary pulmonary reflex response and thus reduces sympathetic drive, frequently leading to a hypotensive response (4, 24) . Little work has been conducted to evaluate the potential of chemoreceptor stimulation (for example, during hypercapnia-acidosis) to modify what are normally excitatory reflex responses. In this regard, the only observation has been that hypercapnia in a rat model significantly attenuates splanchnic sympathetic efferent nerve activity during brief tibial nerve stimulation in association with inhalation of 5% CO 2 , demonstrating modulation of a somatosympathetic reflex by hypercapnia (17) . However, no studies have demonstrated that normal excitatory responses can be converted to inhibitory reflexes by hypercapnia and acidosis, and no studies have examined the afferent, central, and efferent mechanisms underlying depressor responses in this setting.
As such, the goal of the present studies was to evaluate the relationship between arterial CO 2 (and low pH) and the reflex response to gastric distension in rats. To understand better the underlying mechanisms, the afferent pathways, central regions of integration, and efferent autonomic mechanisms involved in the reflex responses were determined. We hypothesized that mechanical stimulation of the stomach elicits both sympathoinhibitory and parasympathoexcitatory reflex responses during hypercapnia in rats. We further hypothesized that the nucleus ambiguus as well as the caudal ventrolateral medulla (cVLM) and rVLM are involved in the inhibitory reflex response. Finally, we hypothesized that efferent cholinergic and both ␣-and ␤-adrenergic systems contribute to the inhibitory responses.
MATERIALS AND METHODS

Surgical Preparations
Experimental preparations and protocols were reviewed and approved by the Institutional Animal Care and Use Committee of the University of California (Irvine, CA). This study conformed with the American Physiological Society's "Guiding Principles for Research Involving Animals and Human Beings" (2002). Studies were performed on adult Sprague-Dawley male rats (400 -600 g). After an overnight fast of 18 h, anesthesia was induced with ketamine (100 mg/kg im) and xylazine (10 mg/kg im). Additional doses of xylazine (0.02 mg/kg iv) were given as necessary to maintain an adequate level of anesthesia, as determined by the lack of response to noxious toe pinch, a respiratory pattern that followed the respirator, as well as a stable blood pressure and heart rate. The influence of ␣-chloralose on the reflex responses also was examined in a subgroup of animals. For this protocol, anesthesia was induced with ketamine (100 mg/kg im) followed by ␣-chloralose (5 mg/kg iv). Additional doses of ␣-chloralose (3 mg/kg iv) were administered as needed. A femoral vein was cannulated for the administration of fluids. The trachea was exposed and intubated to artificially ventilate animals with a respirator (model 663, Harvard Apparatus). A femoral artery was cannulated and attached to a pressure transducer (P23XL, Ohmeda) to monitor blood pressure. Heart rate was derived from the pulsatile blood pressure signal. To establish hypercapnia in a group of animals, 5% CO 2 was added to the O2-enriched room air. Arterial blood gases and pH were measured periodically with a blood gas analyzer (ABL5, Radiometer America). Protocol A examined reflex responses with variable levels of PCO 2, which ranged between 31 and 68 mmHg. Alternatively, in protocol B (1-7), PCO2 was maintained between 42 and 55 mmHg (constant condition with repeated gastric distention) and PO2 was 200 Ϯ 45 mmHg by adjusting the rate of delivery of 5% CO2 to the enriched inspired O2. Arterial pH varied between 7.22 and 7.34. Body temperature, which was monitored with a rectal thermistor (model 44TD), was kept between 36 and 38°C with a heating pad and lamp.
An unstressed 2-cm diameter latex balloon (Traub) was attached to a polyurethane tube (3-mm diameter) and inserted into the stomach through the mouth and esophagus. The balloon was palpated manually during insertion as it passed through the esophagus into the stomach to confirm positioning of the balloon inside the stomach. A syringe was attached to the cannula to inflate and deflate the balloon with air, while a manometer through a T-connection was used to monitor balloon pressure. Transmural pressure was determined by measuring the pressure required to inflate the balloon with the various volumes of air before it was inserted into the stomach (12) . Distention pressures were selected to fall within the range that a rat normally experiences during the ingestion of food and fluids in a single meal (2, 6) . To induce decreases in blood pressure and heart rate, the balloon was inflated inside the stomach. Decreases in blood pressure and heart rate were observed within 30 s of inflation. The balloon was deflated within 30 s after reaching the maximum decrease in blood pressure. We did not include animals in the study if the balloon was verified postmortem to be in the esophagus.
Experimental Procedures
The celiac ganglia and intra-abdominal vagal nerves were located and isolated through a small midline incision in the abdomen. A pledget soaked with 0.1 ml of 1% lidocaine was used to transiently block nerve conduction through the abdominal sympathetic and parasympathetic nerves.
Other animals were placed in a stereotaxic head frame to position their heads with the floor of the fourth ventricle in a horizontal position. A partial craniotomy was performed to expose the medulla to allow access to the nucleus ambiguus, rVLM, and cVLM. A microinjection probe was inserted with visual approximation at a 90°a ngle relative to the dorsal surface of the medulla, 1.8 mm lateral either right or left from the midline, 1.5 mm rostral to the obex, at a depth of 2.3 mm to access the nucleus ambiguus. To reach the rVLM, the probe was positioned 2.3 mm lateral to the midline, 1.5 mm rostral to the obex, at a depth of 3.3 mm. The probe was lowered into the cVLM in a position perpendicular to the dorsal surface, 0.5 mm caudal to the obex, 2.0 mm lateral to the midline, and 3.0 mm in depth. A modified CMA microdialysis AB probe that was 14 mm long (CMA, Stockholm, Sweden, tip diameter: 0.24 mm) and lacked the microdialysis membrane was advanced toward the ventral surface to reach the nucleus ambiguus, rVLM, and cVLM for unilateral microinjection using coordinates taken from the atlas of Paxinos and Watson (23) . The probe was connected to a CMA 402 syringe pump to deliver 50 nl at a rate of 0.3 l/min over a 10-s period 2 min before the next gastric distention.
Injection sites were marked with 50 nl of Chicago sky blue dye (5% in 0.5 M sodium acetate) at the end of each experiment after the administration of drugs into the rVLM, cVLM, or nucleus ambiguus. Thereafter, rats were euthanized under deep anesthesia with additional ketamine and xylazine followed by saturated KCl. The stomach was exposed to confirm placement of the balloon. The medulla was removed and submerged in 4% paraformaldehyde for at least 4 days. Frozen 40-m coronal sections were cut with a CM 1850 cryostat microtome (Leica) to confirm microinjection sites histologically. Dye spots were identified with a binocular microscope. Microinjection sites in the medulla were plotted with Corel Presentation software on coronal sections reconstructed using the atlas of Paxinos and Watson (23) as a guide.
Chemicals
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) with the exception of lidocaine (Alpharma, Baltimore, MD), atropine methyl bromide (City Chemical, West Haven, CT), and prazosin (Tocris Bioscience, Ellisville, MD). The depolarizing agent kainic acid (KA; 1 mM) and the GABAA antagonist gabazine (27 mM) were dissolved in normal saline (19, 36) . We microinjected 50 nl of KA, gabazine, or saline unilaterally into the nucleus ambiguus, cVLM, or rVLM. Of note, several of our previous studies (5, 12, 36) have demonstrated significant blockade with unilateral administration. A 5 ϫ 5-mm pledget soaked with 0.1 ml of 1% lidocaine was used to block the activity of the celiac ganglia and abdominal vagus (18) . Atropine methyl bromide, a muscarinic cholinergic antagonist, and atenolol, a ␤-adrenoceptor antagonist, which do not cross the bloodbrain barrier (1, 10), were dissolved in saline and administered (1 and 0.1 mg/kg, respectively) intravenously. Prazosin, an ␣1-adrenergic blocker that mainly affects blood vessels and postsynaptic ␣1-adrenoceptors, was dissolved in saline and ethanol and delivered intravenously (10 g/kg) (34).
Experimental Protocols
Protocol A. HYPERCAPNIA DOSE-RESPONSE CURVE. Gastric distention-evoked reflex decreases in blood pressure and heart rate were examined during different levels of CO2 (using a random order of application) in 12 rats anesthetized with ketamine-xylazine during inhalation of a mixture of 5% CO2 and room air enriched with O2. Concomitantly, arterial blood gases were measured to correlate levels of PCO2 and pH with the hemodynamic reflex responses to gastric distension induced by slowly inflating the balloon over a 10-s period. Four animals exposed to wide range of hypercapnia were examined for baseline changes in blood pressure and heart rate. Reflex responses to gastric distension were examined in five other animals anesthetized with ketamine and ␣-chloralose.
Protocol B. 1. REPEATABILITY OF CARDIOVASCULAR INHIBITORY RESPONSES. Gastric distention was induced by slowly inflating the balloon over a 10-s period with a volume ranging from 5 to 8 ml of air while elevated PCO 2 was held constant. Consistent responses were evaluated in five animals. Once maximal decreases of blood pressure and heart rate were attained (generally within 30 s), the injected air was withdrawn slowly from the balloon. Peak inhibitory blood pressure and heart rate responses were noted typically within 20 -30 s after inflation. Ten-to fifteen-minute recovery intervals were necessary to prevent attenuation of the cardiovascular reflex responses.
ROLES OF SYMPATHETIC AND PARASYMPATHETIC AFFERENT
PATHWAYS. Lidocaine was used to block spinal and vagal afferent transmission during gastric distention in 10 rats. A lidocaine-soaked pledget was placed on the abdominal celiac ganglion or vagus nerves after two repeatable distensions to establish control responses. Thereafter, three additional gastric distention responses were evaluated.
DEPOLARIZATION BLOCKADE IN THE NUCLEUS AMBIGUUS,
CVLM, AND RVLM. After the responses had been assessed during two gastric distensions, changes in blood pressure and heart rate during repeated visceral stimulation were evaluated after the microinjection of KA or saline unilaterally into the nucleus ambiguus, cVLM, or rVLM. The actions of KA in these nuclei were evaluated in groups of four, five, and seven animals, respectively. Saline was also microinjected into each of the 3 nuclei in 12 other rats as a control. 4 . ROLE OF GABA IN THE RVLM. Gabazine was microinjected unilaterally into the rVLM of five rats during repeated gastric distention. Thus, after two consistent sets of hemodynamic responses were observed, GABA A receptors were blocked, and three additional reflex responses were evaluated. 5 . PERIPHERAL CHOLINERGIC REGULATION OF HEART RATE. Atropine methyl bromide was administered (intravenously) to five rats after the demonstration of two repeatable reflex responses to gastric distention. Subsequently, three additional blood pressure and heart rate responses were evaluated to determine the role of peripheral cholinergic muscarinic receptor activation in this inhibitory reflex. 6 . PERIPHERAL ␤-ADRENERGIC BLOCKADE. Atenolol was injected intravenously after the establishment of two repeatable responses to gastric distension in six rats. Three additional distensions were then recorded to evaluate the role of cardiac sympathetic adrenoreceptor activation in the distension reflex response. 7 . PERIPHERAL ␣1-ADRENOCEPTOR BLOCKADE. After four repeated gastric distention responses (2 controls and 2 vehicle controls), the influence of intravenous prazosin on the inhibitory responses was evaluated during three additional distensions.
Statistical Analysis
Data are presented as means Ϯ SE. Changes in mean arterial pressure and heart rate are presented as bar histograms. The decreases in blood pressure and heart rate before and after the delivery of experimental drugs or saline were compared by one-way ANOVA followed post hoc with the Student-Newman-Keuls test. Data were plotted and analyzed with the Kolmogorov-Smirnov test for normal data distribution and normalized when necessary with Sigma Plot (Jandel Scientific). Comparisons of increases in PCO 2 or decreases in pH with the reflex depressor responses were evaluated by linear regression analysis using the least-squares method with the DurbinWatson statistic (Sigma Plot). Similar analyses were performed for comparison with the bradycardia responses. Correlations between baseline values for blood pressure and heart rate changes also were evaluated by least-squares linear regression analyses. All statistical analyses were performed with Sigma Stat (Jandel Scientific). A probability level of 0.05 was used to detect significant differences.
RESULTS
Protocol A: Reflex Responses to Variable Levels of PCO 2
In this protocol, PCO 2 ranged between 31 and 64 mmHg and pH ranged between 7.40 and 7.12.
Hemodynamic responses to hypercapnia-acidosis. We observed progressively larger depressor and bradycardia responses to gastric distension in 12 animals anesthetized with ketamine-xylazine as we increased PCO 2 (Fig. 1A) . Additionally, pH was directly related to decreases in blood pressure and heart rate responses (Fig. 1B) . We noted transient increases in baseline blood pressure but not heart rate when PCO 2 was elevated (Fig. 1C) . However, the changes in blood pressure had resolved before the gastric distension. We observed similar changes in blood pressure induced by gastric distention in animals anesthetized with ketamine and ␣-chloralose as PCO 2 was increased (Fig. 2) . Baseline blood pressure and heart rate were 96 Ϯ 4 mmHg and 315 Ϯ 16 beats/min, respectively.
Protocol B: Reflex Responses During Constant Elevated PCO 2
Animals in this protocol had an average PCO 2 of 49 Ϯ 3 and a pH of 7.28 Ϯ 0.04.
Repeatability of cardiovascular inhibitory responses.
In the time control group of five rats, we observed consistent decreases in blood pressure and heart rate with repeated gastric distention applied every 10 min while a constant level of hypercapnia-acidosis was maintained (Fig. 3) . Changes in baseline blood pressures associated with hypercapnia had resolved before the gastric distension. Furthermore, baseline BP in these animals remained constant over the duration of the experiment.
Roles of sympathetic and parasympathetic afferent pathways. Lidocaine application to either the celiac ganglion or the abdominal vagal nerves transiently reduced the hemodynamic responses to gastric distension by 61% and 71%, respectively (Fig. 4, I and II) .
KA in the rVLM and cVLM. KA microinjected into the rVLM or cVLM reduced the extent of the cardiovascular inhibitory responses. Saline (Table 1 ) microinjection did not influence the reflex responses. Changes in both blood pressure and heart rate were reduced by depolarization blockade of the rVLM (Fig. 5I, A and B) , whereas KA in the cVLM attenuated only the blood pressure response (Fig. 5II, A and B) . Basal blood pressure and heart rate were unaffected by depolarization blockade in the cVLM and rVLM.
KA in the nucleus ambiguus. Unilateral depolarization blockade of neurons in the nucleus ambiguus inhibited the heart rate response but not the blood pressure response to gastric distention (Fig. 5III, A and B) . Baseline heart rate did not change in this group. Microinjection of saline did not influence the cardiovascular responses (Table 1) . Gabazine in the rVLM. Like KA, microinjection of gabazine into the rVLM attenuated both the blood pressure and heart rate responses to gastric distention (Fig. 5IV, A and B) , whereas baseline blood pressure and heart rate were unaffected.
Peripheral muscarinic cholinergic blockade. Atropine methyl bromide eliminated the bradycardia but not the blood pressure response to gastric distention (Fig. 6I) . Baseline heart rate was increased by cholinergic blockade.
Peripheral ␤-adrenergic blockade. Atenolol partially reversed the distension-evoked decrease in heart rate (71%), whereas the blood pressure response was not affected (Fig. 6II) .
Peripheral ␣-adrenergic blockade. Prazosin significantly reversed the depressor responses to gastric distention by 56% but did not influence the changes in heart rate (Fig. 6III) .
Anatomical location of microinjection sites. All injections found to be located within the rVLM, cVLM, and nucleus ambiguus were included in the data analysis. Two sites found to be medial and ventral to the nucleus ambiguus that did not alter the reflex response were excluded (Fig. 7) . 
DISCUSSION
We (12, 16) have previously shown that gastric distention in normocapnic cats and rats anesthetized with ␣-chloralose typically induces sympathoexcitatory reflex responses that are mediated through the splanchnic nerve and spinal afferents. The present study shows that the activation of mechanosensitive receptors in the stomach decreases blood pressure and heart rate in hypercapnic-acidotic rats anesthetized with ketamine and xylazine and that the sympathoexcitatory response observed during normocapnic conditions is converted to a sympathoinhibitory (and parasympathoexcitatory) response in the presence of high CO 2 and low pH. In fact, the magnitude of the blood pressure and heart rate inhibitory reflex responses increased linearly with increasing PCO 2 . Inhibition of the cardiovascular responses was reduced by interruption of sympathetic as well as parasympathetic abdominal afferent neurotransmission with lidocaine, indicating that both spinal and vagal sensory pathways participate in the decrease in blood pressure and heart rate during gastric distension. We also observed that several medullary regions in the brain, including the nucleus ambiguus, cVLM, and rVLM, process the inhibitory reflexes, since depolarization blockade with KA in each of these regions substantially modified the reflex hemodynamic responses. Sympathoinhibition of blood pressure in the rVLM involves, in part, GABA A receptors, since gabazine likewise reduced the reflex. Furthermore, the peripheral cholinergic and ␤-adrenergic receptor systems (activation and withdrawal, respectively) contribute to the inhibitory chronotropic hemodynamic responses, whereas ␣-adrenergic receptors (withdrawal) account for the inhibitory blood pressure responses.
In the intact, freely breathing animal, hypercapnia stimulates both central and peripheral chemoreceptors to increase breathing frequency and blood pressure, the latter through an increase in sympathetic activity (31) . Furthermore, in the O 2 -enriched condition, which applies to our model (PO 2 : 200 Ϯ 45 mmHg), the responsiveness of the peripheral chemoreceptors to hypercapnia is reduced (11) to an extent that is comparable to peripheral chemoreceptor denervation (7), suggesting that the hemodynamic responses observed in the present study were influenced mainly by central chemoreceptors. Our findings are consistent with previous observations of progressive elevations in baseline mean arterial blood pressure with increasing arterial PCO 2 in vagal sinoaortic-denervated rats (20) . Thus, it is likely that central chemoreceptors activation during hypercapnia increased arterial blood pressure.
We observed a progressively greater hemodynamic inhibitory reflex response to gastric distension as the PCO 2 increased during stimulation of the central chemoreceptors by room air enriched with CO 2 and O 2 . Although there was a transient increase in baseline blood pressure in response to the increase in PCO 2 , this effect had dissipated by the time of visceral reflex stimulation. Furthermore, after the stabilization of arterial blood gases in protocol B (elevated PCO 2 and PO 2 and low pH), we found that rats subjected to gastric distention manifested repeatable reflex decreases in blood pressure and heart rate during the course of the experiment. PCO 2 -evoked changes in baseline blood pressure did not influence the depressor responses since PCO 2 remained stable during repeated gastric distension in all except protocol A (Fig. 1) . Additionally, baseline blood pressures in our previous (normocapnia) and present (hypercapnia) studies were very similar (12, 36, 39, 39, 39) Hence, alterations in baseline blood pressure in hypercapnic-acidotic animals do not appear to be a factor in the depressor responses.
A number of studies have examined reflex responses to hypercapnia-acidosis. Two studies (25, 33) have demonstrated an increase in sympathetic discharge during activation of the central chemoreceptors in the absence of baroreceptor input with elevated CO 2 . In contrast, another study (17) reported the attenuation of splanchnic sympathetic nerve activity after brief stimulation of the tibial nerve during 5% CO 2 , thus demonstrating a decrease in the magnitude of a somatosympathetic reflex response in hypercapnic rats. Finally, it has been suggested that hypercapnia activates central chemoreceptors in the respiratory network, pre-Bötzinger or cVLM, to decrease sympathetic activity, likely by activating barosensitive neurons in this region (20) . Our data are consistent with investigations (17, 20) showing that hypercapnia reduces sympathetic outflow. Furthermore, we have documented that elevated PCO 2 decreases cardiovascular responses in a concentration-dependent manner through mechanisms that involve medullary nuclei that process information received from both spinal and nonspinal (vagal) afferent input. The nuclei influence, in turn, both sympathetic and parasympathetic outflow (see below). In combination with our previous studies (5, 12) showing sympathoexcitatory responses in eucapnic rats during gastric distension, it is apparent that hypercapnia and acidosis play a role in reversing the sympathoexcitation.
The inhibitory cardiovascular responses observed with hypercapnia and acidosis were related to the activation of both sympathetic and parasympathetic afferent pathways since local anesthetic blockade of either spinal or vagal afferent pathways markedly reduced the cardioinhibitory response to gastric distension. The fact that both sets of afferents are involved in this reflex is interesting as previous studies (12, 15, 22) have shown that the sympathoexcitatory reflex from gastric distension and from visceral organs, in general, is carried predominately by the splanchnic nerve, a spinal pathway. Few studies have examined vagal input during abdominal visceral organ stimulation and have focused only on the heart rate response (bradycardia). In this regard, Before saline microinjection
Values are means Ϯ SE; n ϭ 4 each. rVLM and cVLM, rostral and caudal ventrolateral medulla, respectively; MAP, mean arterial pressure; HR, heart rate.
a study by Tougas and Wang (37) examined the cholinergic efferent activation during gastric distension that led to a decrease in heart rate. They did not examine blood pressure responses nor did they determine if there was a relationship to PCO 2 or pH or a reversal from a pressor response to a depressor response. In fact, the study did not report acid-base status, so it is uncertain if their animals were hypercapnic or acidotic. Thus, the present study is the first to demonstrate that, in the setting of hypercapnia and acidosis, gastric distension causes inhibitory reflex responses that use both vagal and sympathetic (spinal) afferent pathways. Furthermore, this is the first observation that reflex responses to gastric mechanical stimulation are processed in regions of the brain stem regulating both sympathetic and parasympathetic outflow and that the magnitude of the cardiovascular response in this condition depends on the extent of elevation in PCO 2 and depression of pH. Central processing of the gastric inhibitory cardiovascular response occurred in several medullary nuclei that modulate sympathetic or parasympathetic outflow. We chose to study brain stem nuclei that directly regulate autonomic sympathetic and parasympathetic outflow. Specifically, we examined the nucleus ambiguus as this nucleus processes afferent information leading to the cardiac chronotropic responses. On the other hand, the cVLM contributed to the decrease in blood pressure, whereas the rVLM processed both hemodynamic responses. Gabazine blockade of GABA A receptors confirmed the depolarization blockade experiments in the rVLM and identified a role for this inhibitory neurotransmitter. Since the cVLM also participates in the depressor reflex, it is possible that cVLM-rVLM GABAergic projections play a role since a number of studies (28, 29, 32, 38) have demonstrated their role in sympathoinhibition during baroreflex activation, among others.
Our previous data showed that spinal afferents in normocapnic animals mediate the gastric distention-induced pressor responses. Although sympathetic afferents played a predominant role in the previous sympathoexcitatory studies, activation of vagal afferents cannot be excluded. The present data collected in hypercapnic animals showed that both spinal and vagal afferent fibers participate in reflex cardiovascular inhibition during mechanical stimulation of the stomach wall. However, it is likely that hypercapnia-induced activation of central chemoreceptors in the present study participated in the reflex response by altering central processing, for example, through the cVLM, rVLM, and nucleus ambiguus, leading to sympathoinhibition and parasympathetic activation.
As noted, the gastric distention-induced cardiovascular inhibitory responses include both sympathoinhibition and parasympathoexcitation. Peripheral muscarinic cholinergic blockade with atropine methyl bromide increased the basal heart rate and reduced the heart rate inhibition. The small increase in basal heart rate likely did not influence reversal of the negative chronotropic response since the animals remained responsive, as demonstrated by the reflex decrease in blood pressure. Similarly, peripheral ␤-adrenergic blockade partially reversed the reflex bradycardia, documenting that ␤-adrenoceptors and sympathetic withdrawal presumably originating from the rVLM also participate in the chronotropic response. The small increase in baseline blood pressure likely did not influence the heart rate response to atenolol. Blockade of ␣-adrenoceptors, on the other hand, reversed inhibitory blood pressure responses, further supporting the notion of sympathetic withdrawal during the gastric distension reflex in the setting of hypercapnia and acidosis.
Perspective
Rats anesthetized with ketamine-xylazine under the condition of hypercapnia that were subjected to gastric distention demonstrated reproducible depressor and bradycardia responses in the present study. These reflex responses are in contrast to our previous studies (5, 15) involving ketamine and ␣-chloralose anesthesia, which documented pressor responses in eucapnic cats and rats during gastric distention. However, in the present study, we demonstrated that the cardioinhibitory blood pressure responses were not dependent on the anesthetic. Overall, reflex depressor and cardioinhibitory responses to gastric distension in response to hypercapnia-acidosis do not appear to be influenced by the choice of anesthetic. Furthermore, directional changes in reflex cardiovascular responses to visceral afferent stimulation, particularly gastric distension, are dictated by the baseline arterial PCO 2 and pH. Since elevations in CO 2 and attendant decreases in pH can convert a sympathoexcitatory response to a sympathoinhibitory response, investigators need to carefully evaluate and control the blood gas status of their preparations during studies involving reflex activation, as supported by Sheriff et al. (30) using a hypoxic model. Furthermore, during gastrointestinal surgery, which can evoke visceral afferent stimulation, there is a risk of hypotensive as well as hypertensive responses depending on the underlying acid-base status, either of which could place patients at risk for an adverse event.
Conclusions
The present study shows that gastric distention in the setting of high CO 2 and acidosis leads to reflex decreases blood pressure and heart rate, responses mediated by both spinal and vagal afferent input into central nervous system. These reflexes are processed in the rVLM, cVLM, and nucleus ambiguus. Activation of the cVLM during mechanical stimulation of the stomach likely influences the rVLM through a GABAergic mechanism that, in turn, leads to sympathoinhibitory reflex responses. Unlike the cVLM, the rVLM modulates both depressor and negative chronotropic reflex responses through the withdrawal of sympathetic outflow. Ultimately, descending parasympathetic and sympathetic efferent projections to the heart and vascular system through cholinergic and adrenergic mechanisms lead to bradycardia and depressor responses associated with the stimulation of gastric mechanosensitive receptors. This model is the first example of a reflex response that is changed directionally and modulated by the extent of hypercapnic-acidosis.
